Marker-based methods for estimating heritability and genetic correlation in the wild have attracted interest because traditional methods may be impractical or introduce bias via G 3 E effects, mating system variation, and sampling effects. However, they have not been widely used, especially in plants. A regression-based approach, which uses a continuous measure of genetic relatedness, promises to be particularly appropriate for use in plants with mixed-mating systems and overlapping generations. Using this method, we found significant narrow-sense heritability of foliar defense chemicals in a natural population of Eucalyptus melliodora. We also demonstrated a genetic basis for the phenotypic correlation underlying an ecological example of conditioned flavor aversion involving different biosynthetic pathways. Our results revealed that heritability estimates depend on the spatial scale of the analysis in a way that offers insight into the distribution of genetic and environmental variance. This study is the first to successfully use a marker-based method to measure quantitative genetic parameters in a tree. We suggest that this method will prove to be a useful tool in other studies and offer some recommendations for future applications of the method.
M ARKER-based methods for estimating quantitative genetic parameters in wild populations have attracted interest for two principal reasons: (1) experimental methods may be impractical or unfeasible in some systems; and (2) traditional methods may introduce bias through genotype-environment interactions, mating system variation, or sampling effects. The genetic basis of quantitative trait variation is usually studied using known pedigrees and controlled environments, most often for the purpose of plant or animal breeding (Lynch and Walsh 1998) . However, when the aim is instead to measure parameters pertaining to evolution in wild organisms, it becomes desirable to describe genetic variation in quantitative traits in natural populations. While traditional methods are good for making predictions about potential breeding gains in domesticated organisms, the results may not accurately describe the organism in its natural state.
These problems are particularly relevant for longlived trees and for those with mixed-mating systems and restricted dispersal. Adult traits may take years to develop, so that common-garden trials are time-consuming and expensive. Estimates of genetic parameters from even well-designed common-garden or laboratory experiments may not accurately reflect the parameters affecting trait evolution in the field. Environmental factors, such as stress and competition, can change the observed genetic effects in experiments, compared with natural conditions, because genotype 3 environment interactions can affect additive genetic variances and covariances (Donohue et al. 2000; Mutikainen et al. 2000; Orians et al. 2003; Osier and Lindroth 2004; Sgro and Hoffmann 2004) . Statistical models for openpollinated trials often assume a common pollen pool and a constant degree of relatedness within families, which may be incorrect for species with correlated paternity or local spatial genetic structure, for example. Furthermore, collecting available seed may produce a biased sample in species with variable reproduction, particularly where flowering time is under genetic control.
Two strategies have been used for marker-based estimation of variance components in natural populations: the application of traditional mixed models to sibships reconstructed from marker data (Lynch and Walsh 1998) and of a regression-based method that does not assume predefined classes of relationship (Ritland 1996b ). Ritland's method uses a modified linear regression of phenotypic similarity on relatedness to estimate heritability. Whereas standard least-squares regression requires the predictor variable (in this case relatedness) to be known without error, this obstacle can be overcome by estimating its ''actual'' variance, as distinct from its statistical variance (Ritland 1996b) . Sibship reconstruction methods tend to involve maximum-likelihood estimators of relationship (Mousseau et al. 1998 ; Thomas et al. 1 2000 ; Milligan 2003) or Markov chain Monte Carlo procedures Hill 2000, 2002; ). Ritland's (1996b) alternative uses methodof-moments estimators of relatedness, which vary continuously and are more appropriate for species with mixed-mating systems (Queller and Goodnight 1989; Ritland 1996a; Lynch and Ritland 1999; Wang 2002) .
Despite the promise of marker-based methods, serious obstacles remain. Variation in the degree of relatedness is essential and this may limit the method's applicability to populations with strong genetic structure. To date, Ritland's (1996b) method has been used only to study quantitative inheritance in two plant species. Significant heritabilities were found in an annual herb, Mimulus guttatus, for several traits, including fitnessrelated characters (Ritland and Ritland 1996) . Klaper et al. (2001) used allozyme and microsatellite markers to study the heritability of resistance characters in the clonal tree, Quercus laevis. Covariance between phenotypic similarity and relatedness suggested that several foliar phenolic compounds were heritable. However, the lack of significant actual variance in relatedness prevented estimation of quantitative genetic parameters, despite prior knowledge of population structure and close attention to experimental design. Although an association between relatedness and phenotypic similarity was shown, Ritland's method has still not been applied successfully in a longlived tree.
Eucalyptus, the predominant tree genus in much of Australia, consists of .700 species and supports a diverse group of herbivores. Both insect and vertebrate herbivores of Eucalyptus are deterred by a range of secondary metabolites in Eucalyptus leaves, most importantly the formylated phloroglucinol compounds (FPCs), e.g., sideroxylonal (Lawler et al. 1998; Wallis et al. 2002; Moore and Foley 2005) . Second, the concentration of the volatile terpenoid 1,8-cineole is highly correlated with sideroxylonal, allowing it to act as an indicator of palatability (Lawler et al. 1999) . Finally, tannins can also play a role in deterring vertebrate herbivores of Eucalyptus (Marsh et al. 2003b) .
In this study, we used Ritland's method to infer quantitative inheritance of the chemical characteristics of Eucalyptus melliodora (yellow box) leaves that are relevant to herbivores. Ontogenetic changes in defense chemical phenotypes are known to occur in Eucalyptus and the adult traits were of interest. As E. melliodora is not a commercial forestry species, no preexisting experimental plantings were available, and therefore standard quantitative genetic approaches were not practical. However, this species was considered to be a good candidate for applying Ritland's method, since we expected to find strong fine-scale spatial genetic structure, resulting from restricted pollen and seed dispersal (Skabo et al. 1998) , which should produce significant actual variance of relatedness. Our objectives were: (1) to estimate the heritability of four chemical components in the foliage and the genetic correlations between them, (2) to evaluate alternative statistical testing procedures, and (3) to investigate the effect of spatial scale on parameter estimates. Given our findings, we draw general conclusions about the broader applicability of this method and offer recommendations for future applications.
MATERIALS AND METHODS
Study species and sample collection: E. melliodora (yellow box) is widespread in southeastern Australia, but the yellow box/red gum (E. blakeleyi) grassy woodland vegetation type is an endangered community due to clearing for agriculture and development. E. melliodora is a mass-flowering tree and pollination is largely by insects (Moncur and Boland 1989) . There is evidence for inbreeding depression in E. melliodora, as several measures of seed production are reduced in isolated paddock trees compared to intact woodland trees (Burrows 2000) .
The study population was located at Mulligan's Flat, part of Canberra Nature Park, which is one of the largest remaining patches of yellow box/red gum grassy woodland. The woodland is a mosaic of patches dominated by different, unrelated, species, probably determined by factors such as soil and topology. The area chosen for this study had a high proportion of E. melliodora (95% of all mature trees), whereas the surrounding woodland contained few trees of this species. In a 220 3 270-m area, 259 E. melliodora trees .9 cm in diameter at breast height (DBH) were mapped and sampled. Intertree distances were measured using a SONIN sonar device and the program INTERPNT (Boose et al. 1998 ) was used to generate a map of the trees. Branches were cut from the canopy and leaf samples collected for microsatellite and chemical analysis. Samples destined for DNA extraction and measurement of 1,8-cineole were stored at ÿ20°, and the remaining leaves were freeze dried for 3-4 days and ground to pass through a 1-mm sieve in a Tecator cyclone mill.
Analysis of foliar defense chemistry: Four foliar chemical characteristics were measured that have previously been shown to be important determinants of feeding in insect and or vertebrate herbivores; foliar nitrogen was chosen as an indicator of foliar protein, and sideroxylonal and cineole are major antifeedant chemicals. The capacity of leaves to bind polyethylene glycol (PEG) is a good indicator of those tannins that affect feeding by vertebrates on Eucalyptus (Marsh et al. 2003a) and so PEG-binding capacity of the foliage was quantified rather than by nonspecific measures such as ''total phenolics.'' All chemical analyses were performed by near-infrared reflectance spectroscopy (NIRS). This method relies on establishing the relationship between the near-infrared spectra (700-2500 nm) of a subset of the samples and reference chemical values. These relationships are then used to predict the concentration of the desired analyte in the whole sample set. The calibration equations were derived from a subset of ground, dried E. melliodora samples chosen to maximize spectral variation. Details of the laboratory and NIRS procedures are given elsewhere (Wallis et al. 2002; Moore et al. 2004) .
Microsatellites: Many microsatellites have been developed in Eucalyptus and cross-species amplification has been reported (Byrne et al. 1996; Ottewell et al. 2005) . We tested a panel of 30 loci developed in E. globulus (G. Moran, personal communication; Steane et al. 2001 ), E. nitens (Byrne et al. 1996) , E. sieberi (Glaubitz et al. 2001) , and E. leucoxylon (Ottewell et al. 2005 ) on up to 95 randomly chosen E. melliodora samples.
We applied strict criteria for the selection of the final set of loci. The loci had to (1) be mapped to different linkage groups (Marques et al. 2002; Thamarus et al. 2002) , (2) amplify consistently, (3) display scorable variation, and (4) show no evidence for null alleles. The six loci chosen showed observed and expected heterozygosities consistent with random mating and were highly variable, with 9-27 alleles per locus and a total of 113 across loci (Table 1) . While the number of loci was at the lower end of the recommended range, the allelic variability, rather than the number of loci, is the key to success with this method (Ritland 1996b (Ritland , 2000 .
DNA was extracted using the method of Byrne et al. (1993) , modified to include 5% w/v PEG 6000 and 5% w/v PVP-40 in the extraction buffer. Loci were fluorescently labeled using M13 tailed primers (Schuelke 2000) , except for EMCRC11, which was amplified with fluorescent nucleotides because amplification with M13-tailed primer failed. Ten-microliter reactions were carried out according to Schuelke (2000) , using TaqGold (Perkin Elmer, Norwalk, CT). Fluorescent nucleotide reactions contained 1.5 mm MgCl 2 , 0.2 mm dNTP, 0.2 mg ml ÿ1 bovine serum albumin, both primers at 0.2 mm, and fUTP (R110, R6G, or TAMRA; Perkin Elmer) and the thermal profile followed Steane et al. (2001) . Fragments were separated on an ABI377 automatic sequencer and sizes were determined using GENESCAN and GENOTYPER fragment analysis software (Applied Biosystems, Foster City, CA). Only the 232 individuals scored for all six loci were included in the heritability analysis. Heterozygosity and inbreeding coefficients were calculated using GenAlEx 6 (Peakall and Smouse 2005) .
Heritability model: We estimated the heritability of foliar sideroxylonal, cineole, PEG-binding capacity, and nitrogen using Ritland's (1996b) regression method. Ritland proposed that narrow-sense heritability could be estimated by regressing a measure of phenotypic similarity (Z ij , based on phenotypic covariance) on a marker-based estimate of relatedness. For this study, the full multiple-regression heritability model described in Ritland (1996b) was used initially:
The explanatory variables for individuals i and j are: r ij , multilocus relatedness; D ij , four-gene relatedness (as defined in Lynch and Ritland 1999 ; equivalent to h in Ritland 1996a; equivalent to r 2 in Ritland 1996b); f 2ij , a measure of shared individual inbreeding coefficients (as defined in Ritland 1996b); and d ij , Euclidean spatial distance. The parameters estimated are: h 2 , narrow-sense heritability; H, broadsense heritability; b 2 f , inbreeding depression (the variance of a trait value resulting from inbreeding); b e , the decrease of environmental correlation per meter; and a e , the intercept.
Significant actual variance of the explanatory variables is required for parameter estimates to be nonzero. Therefore, explanatory variables were dropped from the model if the estimates of their actual variances were not significantly greater than zero, on the basis of the bootstrap percentile test. Spatial distance was left in even when b e was not significant, since its variance was positive and collinearity between relatedness and spatial distance rendered the standard error estimates unreliable unless further measures were taken (see below). We used the matrix formulation of the linear model in (1) to estimate heritabilities and genetic correlations (see Ritland 1996b) .
Genetic covariances and correlations: Genetic covariances and correlations between traits can be estimated using a linear model for the covariance between traits (Ritland 1996b; Lynch and Walsh 1998) . The matrix formulation of the model produces an estimate that can be easily transformed into genetic covariance and correlations (Ritland 1996b) . The sign of the genetic correlation is the same as the genetic covariance, as the denominator, Since the heritability estimates in some bootstraps and permutations may be negative, the genetic covariance was used for testing the sign of the correlation. Phenotypic correlations between chemical traits were calculated using GenStat version 8 (VSN International, Hemel Hempstead, UK).
Relationship estimators: Lynch and Ritland's (1999) estimates of r ij and D ij were used and shared inbreeding, f 2ij , was estimated using Ritland's (1996b) formula. Ritland's earlier estimators for r ij and D ij are more appropriate for less variable markers, such as allozymes. Wang's (2002) estimators are more efficient for highly variable markers, but the optimal weighting scheme is not amenable to Ritland's (1996b) method for estimating the actual variance of relatedness. Lynch and Ritland's (1999) estimates are based on the probability of the genotype of one individual in a pair, given the other genotype, yielding different estimates depending on which individual is taken as the reference individual. Symmetric versions were calculated by averaging the two possible locus weights and single-locus estimates for each locus before combining them in the multilocus estimates for each pair. This approach produced a single weight for each locus, which could be used for estimation of actual variance.
Parameter estimates, errors, and tests: All heritability and genetic correlation analyses were done using a Fortran77 program developed by Kermit Ritland for use in Ritland and Ritland (1996) , modified by R. L. Andrew to accept microsatellite data, to calculate Lynch and Ritland's (1999) relatedness estimators and perform alternative tests. The original program performed bootstraps, but we developed additional permutation and resampling options to improve statistical testing. The nonindependence of individuals in the sample violates the key assumption of bootstrap tests. Bootstrapping individuals tends to overestimate sampling error by 10-100% . Bootstraps were carried out across individuals to give conservative estimates of standard errors. When the same individual occurred twice in a bootstrap sample, the comparison between identical individuals was excluded; however, we repeated the bootstrap tests with the inclusion of these identical comparisons to test whether this approach altered the distribution of relatedness values. Jackknife tests require the same assumption of independent sampling and we performed jackknifing on both loci, which do vary independently, and trees, which again gave a conservative test. Kermit Ritland's recently released MARK 3.0 (Ritland 2004) does not use the full heritability model or a symmetric version of the Lynch and Ritland (1999) relatedness estimators, but does allow estimation of heritability and genetic correlation estimation via regression or likelihood, with bootstrap testing of estimates. The number of individuals included in the analysis, the number of alleles, the observed and expected heterozygosity, and the inbreeding coefficient are given for each locus, as well as the average across loci.
Permutation tests enable testing of a hypothesis by creating a null distribution, with which a sample parameter is compared. For this study, parameter estimates were tested against a null hypothesis of no spatial or genetic effects by permuting the quantitative trait values across the genotypes and spatial positions. This method maintains the covariance of relatedness and spatial distance, the actual variance of relatedness, and the variance of spatial distance, but unfortunately removes the covariance of phenotypic similarity with distance. However, removing the covariance between phenotypic similarity and distance has a positive effect on the heritability estimator, if both Covðr ij ; d ij Þ and Covðd ij ; Z ij Þ are negative:
Hence, the upper confidence limit is biased upward and so this is a conservative test of the null hypothesis of no genetic effects. Likewise, the permuted b e estimate is biased downward, giving a conservative test of this parameter; however, the estimate of a e is biased downward and should not be tested in this way. Alternative approaches, such as permuting the microsatellite genotypes over the spatial and phenotypic data, alter the crucial variances. The distance cutoffs would include a random sample of the genotypes, rather than a structured sample, and the actual variance of relatedness in the permutations would be the population mean, which could differ substantially from the unpermuted sample. Permutations were not used to test parameters in the full model, because the direction of the bias is harder to predict when more variables are included. The effect of sampling scale on additive genetic variation was investigated by repeating the analysis with distance cutoffs ranging from 10 to 310 m. For each cutoff, pairs whose spatial distance exceeded this limit were excluded from the regression model. Distance classes with lower limits were also used to compare partitioning of phenotypic variance with increasing distance. A 60-m distance cutoff was chosen for comparison, on the basis of examination of the decrease in relatedness and actual variance of relatedness with increasing distance. This distance also described the extent of positive spatial autocorrelation in the data set (results not shown), as estimated by the method of Smouse and Peakall (1999) , using GenAlEx 6 (Peakall and Smouse 2005) .
Collinearity among explanatory variables can inflate standard errors around partial regression slopes. Strong collinearity between r ij and d ij led us to develop a model free from spatial effects, by using residuals from the regression of phenotypic similarity on spatial distance, instead of the raw phenotypic similarities. Both the preliminary regression and heritability estimation were carried out on the subset of pairwise comparisons within the chosen distance cutoff.
RESULTS
Quantitative traits: The foliar sideroxylonal, cineole, and nitrogen concentrations reported in Table 2 are similar to those previously reported for E. melliodora in the same woodland (Wallis et al. 2002) . Sideroxylonal and cineole were significantly correlated (r ¼ 0.781, P , 0.0001), while nitrogen was slightly correlated with sideroxylonal (r ¼ 0.204, P ¼ 0.0009) and cineole (r ¼ 0.358, P , 0.0001). PEG-binding capacity (PEGBC) was negatively correlated with nitrogen (r ¼ ÿ0.419, P , 0.0001) and marginally with cineole (r ¼ ÿ0.101, P , 0.0625).
Heritability estimates: Mean pairwise relatedness (r ij ) was significantly positive with distance cutoffs up to 80 m ( Figure 1A) , mean four-gene relatedness (D ij ) was positive, but not significant, at all cutoffs, and the mean inbreeding correlation ( f 2ij ) was negative, but not significant, at all cutoffs. Actual variance in relatedness was highly significant at all distance cutoffs ( Figure 1B ), but D and f 2 had no significant actual variance according to the bootstrap tests.
Using the full model and the entire data set without a distance cutoff, unrealistic parameter estimates were obtained. Estimates of H ÿ h 2 and b f 2 were outside the parameter space (from zero to one) regardless of the model used (Table 3 ). The four-and five-term models did not produce significant parameter estimates for any trait, but the covariance between phenotypic similarity for nitrogen concentration and f 2 was positive in 95% of the bootstraps, suggesting that there may be an effect of inbreeding on foliar nitrogen. Removing spatial distance from the model increased the heritability estimate for sideroxylonal and dropping the intercept term decreased it (Table 3) .
Using the model for joint estimation of h 2 and b e with all trees included, concentrations of sideroxylonal and nitrogen were significantly heritable according to the permutation tests, but those of cineole and PEGBC were not (Table 4 ). The linear environmental correlation, b e , was significant for cineole (P , 0.001) and PEGBC (P , 0.05) and the intercept term was significant for each trait (Table 4 ). According to bootstrap tests, only nitrogen was significantly heritable and b e was significant for cineole only. Including identical comparisons reduced the bootstrap standard errors of the heritability estimates, but produced a strong bias in the estimates of heritability and actual variance of relatedness (not shown), confirming that this method alters the genetic structure of the resampled data sets and is therefore inappropriate. Jackknifing individuals gave results similar to those of bootstraps (excluding identical comparisons). Jackknifing loci, on the other hand, produced smaller standard errors, but they are potentially unreliable, being based on only six loci (Figure 2) .
Applying a distance cutoff altered the results of both heritability and genetic correlation estimation. A cutoff of 60 m, chosen because of the scale of spatial genetic structure (Figure 1 ), produced different estimates from those involving all comparisons (Figure 3 ). Heritability estimates were much higher for sideroxylonal and cineole and were significant according to bootstrap tests (P , 0.05) as well as permutation tests (Table 4) . Bootstrap standard errors were approximately the same as when no distance cutoff was used, but the locus jackknife gave a larger standard error with a 60-m cutoff. On the basis of bootstrap distributions (excluding identical comparisons), the effect of spatial distance and the intercept of the environmental correlation were not significant, but according to the permutation tests, they were highly significant for foliar sideroxylonal (P , 0.01) and a e was significant for PEG-binding capacity. Heritability estimates for nitrogen remained high for all distance cutoffs, while heritability of sideroxylonal fluctuated with increasing cutoffs and that for cineole decreased with cutoffs .50 m (Figure 3 ). The strongest contrast was seen in cineole: with a 60-m distance cutoff No distance cutoff was used. Standard errors were estimated from bootstraps and asterisks indicate significance based on bootstrap percentiles (*P , 0.1, **P , 0.05). The model for joint estimation of heritability and environmental correlation was used and standard errors were estimated from bootstraps (1000 bootstraps excluding identical comparisons) and locus jackknifes. Population estimates in italics are significant at the 0.05 level from bootstrap percentiles and asterisks indicate significance levels from permutation tests (*P , 0.05, **P , 0.01, ***P , 0.001). h 2 was highly significant, but it steadily decreased as increasingly distant pairs of trees were included and b e became significant (Table 4) .
Preliminary regression: Performing a preliminary regression to eliminate spatial covariance in the phenotypic similarities and excluding spatial distance from the heritability model gave us conservative estimates of heritability. When all trees were included, the slope of the preliminary regression was significantly negative for all traits, while only the slope for sideroxylonal was significant with a distance cutoff of 60 m (Table 5 ). The preliminary regression procedure gave lower heritability estimates for the chemical traits, with smaller standard errors and narrower null distributions from permutations, but did not substantially alter the significance of the heritability estimates (Table 6) .
Genetic correlations: With no distance cutoff, genetic covariances were significant and positive between sideroxylonal, cineole, and nitrogen, but none of these traits was genetically correlated with PEGBC (Table 7) .
With a 60-m distance cutoff, these correlations were stronger and PEGBC was also genetically correlated with nitrogen.
DISCUSSION
Quantitative genetics of chemical defenses in E. melliodora: Using marker-based methods, we found significant narrow-sense heritability of the foliar defense compounds sideroxylonal and cineole and of total foliar nitrogen in a natural E. melliodora population. A range of statistical tests supported these conclusions, despite large bootstrap standard errors in some cases. This is the first study to demonstrate additive genetic control of forymylated phloroglucinol compounds within populations. Our results for cineole are congruent with commongarden studies in Eucalyptus, which have shown that it is highly heritable (Doran and Matheson 1994) . The genetic correlation of sideroxylonal with cineole is further evidence of common regulatory mechanisms, despite no obvious biosynthetic link between the two Phenotypic similarity (Z i ) is a variance-standardized measure, and spatial distance is measured in meters. Slopes in italics are significant at the 0.05 level from bootstraps, excluding identical comparisons. Asterisks indicate significance levels calculated from permutations (*P , 0.05, **P , 0.01, ***P , 0.001). compounds (Ghisalberti 1996) . PEG-binding capacity has not been subjected to genetic analysis previously. Although variation in individual tannins may be heritable in trees (Whitham et al. 2003) , our results suggest that the component visible to herbivore pressure is not.
The heritability of sideroxylonal and cineole indicates that there is potential for natural selection to occur as a result of herbivory. Insect and vertebrate herbivores can cause almost 100% defoliation of palatable eucalypts (Edwards et al. 1993) , a serious cost when leaves could otherwise persist for several years. Our failure to detect additive genetic variation in PEG-binding capacity may reflect a stronger selective advantage conferred by PEG-binding tannins. Given the high heritability of sideroxylonal and its effectiveness as a deterrent against vertebrate and invertebrate herbivores, it is surprising that undefended trees persist in the population. However, heritable plant defenses are found in many systems, despite the apparent impact of herbivores on fitness, suggesting that other factors commonly mitigate the expected decrease in genetic variation ( James and Newcombe 2000; Agrawal et al. 2002; Fornoni et al. 2003) . Genetic trade-offs, patchy selection, and diffuse selection could all play a role in the maintenance of additive genetic variance in eucalypt defenses.
The effect of scale on the parameter estimates was striking, indicating that the distribution of genetic and environmental variance is complex. While the heritabilities of sideroxylonal, cineole, and nitrogen were similar at a fine scale, their behavior with increasing distance cutoffs differed dramatically (Figure 3) . Spatially autocorrelated environmental effects would be expected to give increasing environmental variance, lowering heritability, with increasing distance cutoff. This pattern was seen for cineole. Sideroxylonal heritability fluctuated, indicating that the additive genetic variance or the environmental variance for this trait is patchily distributed. This suggests that, although sideroxylonal and cineole are genetically correlated, nongenetic effects act independently on the two traits. Clearly, the fine-scale spatial structure of both genotypic and phenotypic variation in natural populations warrants further investigation (R. L. Andrew, unpublished results).
A role for marker-based quantitative genetics in the wild: This study is the first successful application of Ritland's (1996b) regression method for genetic markerbased estimation of quantitative genetic parameters in a natural tree population. These results are important because they demonstrate that marker-based heritability methods can be applied to adult traits in a long-lived, mixed-mating tree species, for which traditional quantitative genetic techniques are frequently impractical.
Ritland's and other marker-based methods have been tested most thoroughly in animal systems and pedigreebased approaches have been found to be superior Coltman 2005 ). This result is consistent with theory. In obligate outbreeders, the proportion of related individuals in a large population is low. Because the actual variance of relatedness is therefore low, it cannot be estimated accurately using markers, which leads to unreliable estimates of heritability. Moreover, pedigrees for outbreeders are relatively simple, and even partial pedigrees may provide more accurate information on the proportion of genes shared than marker-based estimates of relatedness (Kruuk et al. 2000; Pemberton 2004 ).
Our results demonstrate that Ritland's approaches to marker-based quantitative genetics in the wild should not be abandoned because they are unsuccessful in obligate outbreeders. In contrast to the animal systems where Ritland's method has been tested, long-lived plants with mixed-mating systems have much more complex pedigrees because of selfing and biparental inbreeding across generations. This makes the shared genetic background difficult to encapsulate in discrete relationship classes, such as ''half-sibling'' and ''parentoffspring,'' traditionally used in quantitative genetics. Furthermore, the level of variation in relationships is A preliminary regression of phenotypic similarity was performed on spatial distance and the residuals were used in the final model instead of the raw phenotypic similarity. Estimates in italics are significant at the 0.05 level from bootstraps, excluding identical comparisons. Asterisks indicate significance levels calculated from permutations (*P , 0.05, **P , 0.01, ***P , 0.001). Correlations were estimated with no distance cutoff (below diagonal) and with a 60-m cutoff (above diagonal). Tests for significance were performed using bootstraps and permutations of the covariances. Correlations in italics are significant at the 0.05 level, using bootstraps excluding identical comparisons, and asterisks indicate significance levels calculated from permutations (*P , 0.05, **P , 0.01, ***P , 0.001).
greater in mixed-mating plants because of these complex pedigrees and can be controlled by taking advantage of fine-scale spatial genetic structure.
In addition to providing heritability estimates that are relevant to the ecological conditions and selective forces experienced in the wild, marker-based methods may offer additional benefits that are not often recognized, possibly due to the bias in evolutionary quantitative genetics toward animals and domesticated or easily propagated plants. They can be used to avoid common violations of the assumptions of certain models that are used in traditional common-garden experiments. Commongarden experiments with open-pollinated families assume a constant level of relatedness between progeny that is often unrealistic, due to variable outcrossing rates and correlated paternity. Marker-based heritability estimators can incorporate variable levels of relatedness resulting from complex pedigrees on a pairwise basis (Ritland 1996b) . In addition to heritability, phenotypic similarity between relatives is affected by dominance, shared environments, and shared inbreeding levels. Ritland's (1996b) regression method enables these to be considered by extending the model. Where reproduction is spatially or temporally variable, as is often the case in forest trees, sampling seed at one time could give an unrepresentative snapshot, whereas marker-based methods can include the whole population, which may comprise several generations. These advantages do not apply to non-marker-based approaches to quantitative genetics in natural populations, such as regressing progeny phenotypes on those of wild parents (see Coyne and Beecham's 1987 Appendix by Lande) and the refinement by Riska et al. (1989) , which require progeny to be raised in laboratory or common-garden environments.
While Ritland's (1996b) regression method is a major advance in studying quantitative genetic variation in natural populations, further methodological improvements may enhance the benefits of this approach. Our method allows least-squares estimation despite measurement error in the predictor variable; however, appropriate statistical testing is difficult to achieve. Resampling is unsatisfactory due to the nonindependence of samples, while permutation tests can be designed to give conservative tests of significance, but not confidence intervals for estimates. By performing a preliminary regression of phenotypic similarity on spatial distance and using the residuals to estimate heritability, we were able to eliminate the confounding spatial effects. These ''corrected'' estimates had slightly smaller standard errors, but were conservative as estimates of heritability. While we have addressed some of the statistical issues here, room for improvement remains.
Recommendations for future applications of Ritland's method for estimating quantitative genetic parameters in the wild: This method promises to be particularly useful where traditional, common-garden methods are impractical, such as studying adult traits in long-lived trees. However, we recommend that marker-based approaches be tried in more plant species and verified by comparison with common-garden techniques.
The choice of species may be a key factor in the success or otherwise of Ritland's method. Given our results, fine-scale spatial genetic structure appears to be a good indication that actual variance in relatedness may be found. This is more likely in plants with restricted pollen and seed dispersal and overlapping generations. Ritland's method is most likely to succeed in populations in which strong fine-scale spatial genetic autocorrelation has already been demonstrated or where there is an expectation of strongly restricted dispersal. The fine-scale spatial genetic structure in E. melliodora was also particularly strong, giving us a better chance of detecting significant actual variance of relatedness than that in Q. laevis (Klaper et al. 2001) . It has been suggested that sampling design might be important; however, resampling in clusters from the study population provided no benefits over randomly resampling or intensively resampling the same number of individuals (results not shown). The biggest contribution to actual variance of relatedness is likely to be made by closely related individuals and intensive sampling will maximize the number of comparisons.
Undoubtedly, the availability of sufficient markers is also a key requirement. The marker system used in our study had 50% more alleles than the markers used by Klaper et al. (2001) , which may help explain why they did not detect significant actual variance of relatedness. With a powerful marker system, it may even be feasible to estimate inbreeding depression and dominance effects.
The spatial scale of the analysis is critical to the results of this method and we therefore recommend repeating the estimation with a range of distance cutoffs. Expecting a single heritability value for a trait may oversimplify the variation in a natural population. We should instead select our scales carefully with respect to factors such as dispersal and selective pressures and consider what the range of values tells us about the distribution of various causes of variation. The maximum heritability estimate may be more comparable with measurements made in common-garden experiments, which are designed to minimize environmental variance. On the other hand, estimates obtained at larger sampling scales might be more suitable for predicting long-term responses to selection, particularly since selection itself may be patchy. One of the key differences between traditional quantitative genetic studies and marker-based studies in natural populations may be that what is lost in precision by studying genetic variation in the wild can be gained in insight into the distribution of natural genetic and phenotypic variation.
In summary, the conditions for successful application of Ritland's method are likely to be: (1) appropriate choice of species, with the likelihood of strong spatial genetic structure; (2) a highly informative marker system; (3) statistical testing using a range of methods; and (4) consideration of estimates at several spatial scales. As we have shown, this approach can be successful and offers a useful tool for evolutionary biologists working on wild organisms.
